Hurst CA, Kirby RL, MacLeod DA: Locomotor-respiratory coupling during axillary crutch ambulation. Am J Med Phys Rehabil 2001;80:831-838. Objective: To test the hypotheses that locomotor-respiratory coupling occurs in humans using axillary crutches in a swing-through ambulation pattern and that expiration occurs during crutch-stance phase during locomotor-respiratory coupling.
Among the biomechanical and physiologic bases of locomotion, one increasingly recognized factor is how a species' locomotor pattern influences its respiratory behavior. [1] [2] [3] [4] [5] [6] There is evidence that proprioceptive input influences the respiratory response to exercise, 7 but central oscillators have been shown to drive the muscles of locomotion and ventilation even in the absence of afferent feedback. 8, 9 Mechanical data suggest that a variety of physical activities impose constraints on breathing that make it beneficial for the respiratory cycle to synchronize with the locomotor pattern. This phenomenon is referred to as locomotor-respiratory coupling (LRC). 2,3,10 -12 A number of flying, 10 -13 quadrupedal, 2, 6, 14 and upright species 2, 15, 16 have been shown to demonstrate LRC. One proposed explanation for LRC in both upright and quadrupedal species is that the abdominal viscera (particularly the liver) may act like a piston, rhythmically placing pressure or traction on the diaphragm as a result of the running or hopping motions. 2, 6, 16, 17 MacDonald et al. 18 failed to detect LRC during wheelchair propulsion (in the absence of the visceral-piston effect), suggesting that rhythmic arm movements alone are insufficient to induce the LRC phenomenon in this setting. However, LRC has been described in cycling, arm-cranking, and rowers, 4,19 -21 suggesting the converse.
A moderate amount of information is available on the nature of crutch ambulation, 22-30 but none is available with respect to LRC. Crutches and other ambulation aids (e.g., canes, walkers) are commonly used when a lower limb is painful, deformed, or has been amputated. Of the various crutch gaits, the one that most closely resembles galloping in quadrupeds (without the airborne phase) is the swing-through gait. This gait is used most commonly when one limb is injured or absent. The swing-through gait begins with both crutches in front of the subject while the body weight is supported by both the crutches and the lower limb or limbs. Weight is then transferred entirely to the crutches as the body is elevated and swung forward beyond the points of crutch contact. The body weight is then again supported by both the crutches and the lower limb or limbs. Weight is then transferred entirely to the lower limb or limbs as the crutches are lifted off the ground and swung forward to a position in front of the subject. 25, 28 Used in this fashion, axillary crutches transiently transfer 100% of the subject's body weight to the upper limbs.
In considering whether LRC might occur during swing-through ambulation with axillary crutches, two opposing theories for the LRC phenomenon can be tested. The upward stroke of the visceral piston might occur after the initial contact of the crutches, which decelerates the forward movement of the body (assisting expiration). Also, the contraction of the abdominal musculature 24,29 and the resultant forward lumbar flexion during the crutchstance phase of the gait cycle should increase intra-abdominal pressure and force the abdominal contents vertically into the diaphragm, enhancing expiration. At the end of crutch stance, the downward stroke of the visceral piston might occur at, and shortly after, foot strike (assisting inspiration).
The alternate theory suggests that LRC could result from the rhythmic movement of the upper limbs. 19 -21 A number of upper-limb muscles (e.g., pectoralis major and latissimus dorsi muscles) are active during crutch stance when the body weight is supported entirely by the upper limbs. Many of these muscles are attached to the rib cage and function in closed kinetic chain as accessory muscles of respiration, aiding inspiration. The rhythmic actions of the upper-limb muscles should promote inspiration during the crutchstance phase, the opposite of what would be expected from consideration of the visceral-piston (and associated intra-abdominal pressure) influences.
If LRC can be demonstrated during the swing-through gait with axillary crutches, it will add to the body of evidence about LRC in humans and may shed light on the relative importance of the visceral piston vs. the contractions of upper-limb muscles in the genesis of LRC. The information may also provide insights on such clinical issues as the most effective training in the use of axillary crutches.
The purpose of this study was to test the hypotheses that LRC occurs Objectives: On completion of this article, the reader should be able to (1) understand the concept of locomotor-respiratory coupling, (2) identify potential benefits of locomotor-respiratory coupling in human locomotion, and (3) describe the locomotor-respiratory coupling pattern seen in axillary crutch ambulation.
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METHODS

Subjects.
Twenty-two subjects were enrolled in the prestudy training regimen, 20 successfully completed the training program and were tested. The two subjects who dropped out of the training regimen (both female subjects) did so for reasons of shoulder discomfort. The data of two other of the 20 subjects who were tested were not properly recorded and were lost to subsequent analysis. Able-bodied subjects were selected for safety and convenience. Also, previously reported biomechanical evidence suggests that a healthy subject suspending the non-dominant foot is a mechanically close approximation of the disabled state. 26, 30 Subjects were excluded if they habitually used crutches or had previous crutch experience. Novice crutch users were selected and enrolled in a uniform training protocol (described below) to produce subjects with comparable skill levels.
We asked subjects to refrain from consuming food or caffeine, from smoking, and from strenuous exercise for 2 hr before testing. Although subjects were informed of the protocols for training and testing, they were naive to the goal of observing LRC. Subjects wore short pants, a T-shirt, and athletic shoes. Each subject completed a questionnaire containing information about age, sex, height, weight, previous crutch experience, and general medical information. Of the 18 subjects tested and analyzed, there were 12 men and 6 women. Their mean (SD) age, height, and weight were 24 (2.4) yr, 174 (8) cm, and 70 (17) kg. Sixteen subjects were right-footed (based on which leg was reported as being used to kick a ball).
This study was approved by the Research Ethics Committee of the Queen Elizabeth II Health Sciences Center. All subjects were informed about the time commitment (approximately 2 hr in total, spread over four occasions), required activity, and potential risks, and each gave his or her informed consent.
Crutches. During the first session, subjects were fitted with adjustable wooden axillary crutches. The axillary crosspieces were positioned~5 cm below the upper anterior axillary border and the handgrips such that the elbows were flexed 20 -30 degrees when the crutch tips rested on the floor 15 cm ahead of and lateral to the fifth metatarsal heads. 28 The adjustment values were recorded to ensure that the same settings were used in subsequent sessions. Foam rubber pads were used to cushion the axillary crosspieces and the handles.
Training. We used a uniform training regimen to accustom the subjects to the use of axillary crutches and the swing-through gait with one foot held aloft on the motorized treadmill under conditions similar to those of later testing (but without physiologic recordings). During the first training session, after learning to use the axillary crutches to walk with a swingthrough gait on the floor, each subject crutch-walked twice on the treadmill at a self-selected speed for 0.4 km, with a 5-min rest between practice trials. At each subsequent training session, the treadmill walking was repeated, but for 0.5 km twice. At least three separate training sessions within a 2 wk period were used for each subject. Subjects chose the foot to be held aloft during ambulation and the selection was recorded. All but one of the subjects selected the dominant foot to elevate. The same foot was held aloft for all training and testing sessions. Subjects were informed about the control of the treadmill and its safety features. The training pro-gram was considered complete when, after a minimum of three sessions, the subject reported feeling comfortable with the experimental conditions, when the investigator observed a steady and confident gait, and when the exercise intensity corresponded to "somewhat hard" on the Borg perceived-exertion scale. 31 Eighteen of the 20 subjects had sufficient skill and comfort after three sessions of training to proceed to testing; the remaining two subjects required a fourth training session (i.e., a total of 2.8 -3.8 km of axillary crutch walking on the treadmill).
Treadmill. We used a motorized treadmill (ELG2, Woodway USA, Wawkesha, WI) with a 70-cm-wide, 204-cm-long belt. Side rails 15 cm high were installed on either side of the belt to prevent the crutch tips from being placed off the tread during crutch strike. There was an emergency stop button next to the subject and another on the control console. Treadmill function was tested before each trial.
Gait Cycles. The gait-cycle events consisted of initial contact of crutches (0 and 100% of the gait cycle) and liftoff of crutches. The phases of the swing-through gait cycle were crutch stance (between initial contact and liftoff of the crutches) and crutch swing (between liftoff and the next contact of the crutches). 26 We used a pressure-sensitive wafer switch under the tip of the left crutch to identify the events. In the swingthrough gait, pilot work indicated that the crutch tips contacted the ground almost simultaneously, so we considered one crutch switch to be sufficient. Pilot work demonstrated that this switch provided a clean, rectangular (on-off) signal that facilitated the data reduction (Fig. 1) . The current in the switch-signal circuit was passed into a low-level DC preamplifier (7P1 A, Grass Instruments Division, Astro-Med, Inc, Longueuil, Quebec, Canada), and a low-pass filter (500 Hz) was used. Switch operation was validated before each trial.
Respiration. The respiratory events consisted of the onset of inspiration and the onset of expiration (Fig. 1) . The phases of the respiratory cycle were inspiration (between the onset of inspiration and the onset of expiration) and expiration (between the onset of expiration and the onset of inspiration). To identify the events, we used a thermocouple (TCT-IR, Grass Instruments Division. Astro-Med, Inc, Longueuil, Quebec, Canada) that responded to the temperature fluctuations that occur near the mouth during respiration. 5, 18 A lowlevel DC preamplifier was used with a low-pass filter (500 Hz). We chose the thermocouple over a pneumotachometer (that was assessed in pilot testing) for reasons of signal clarity, reduced weight, and reduced interference with the subjects' vision.
The thermocouple was attached to the distal aperture of a disposable cardboard mouthpiece held in the subject's mouth. Although a mouthpiece has been reported to interfere with respiration, 32 simply suspending the thermocouple before the mouth from a headset did not provide a satisfactory signal. A fan was placed at the side of the subjects because pilot testing revealed that a fan blowing across the end of the mouthpiece returned the thermocouple signal to baseline rapidly. We did not use nose clips because they were found to be unnecessary in pilot work, and it has been reported that their use may affect tidal volume, minute volume, inspiratory flow, and respiratory frequency. 32 The thermocouple was validated before each testing session by recording isolated inspiration and expiration events.
Heart Rate. We monitored heart rate with an electrocardiographic telemetry system (Gemtel TTX-12, Roche Bio Electronics, Digital Electronics Ltd, Watford, England). Heart rate was used to document exercise intensity as a percentage of the age-predicted maximum heart rate (220 Ϫ age in years).
Testing Protocol. At the beginning of the testing session (at least 1 day and no more than 7 days after completion of the training), we reminded the subjects of the procedures and precautions. The crutch-switch and thermocouple functions were validated. We asked subjects not to speak unneces-sarily during testing because pilot work had identified this as a source of error in the respiratory signal. If visibly interrupted breathing (e.g., vocalization, coughing) or ambulation (e.g., bipedal walking, hopping) occurred, the timing of this was noted.
With the testing equipment in place, subjects warmed up on the treadmill at their self-selected comfortable crutch-ambulation speed for a distance of 200 m. We then brought subjects to rest and confirmed the subjects' comfort with the experimental conditions. The subjects then began ambulating at increasing speed over 1 min until they reached a selfselected velocity that corresponded to somewhat hard on the Borg perceived-exertion scale, 31 reported to be equivalent to a heart rate within 60 -80% of their age-predicted maximum. This velocity was maintained for 5 min while data were recorded for later analysis. We assumed that 5 min of ambulation at this intensity would permit the subjects sufficient time to reach a steady state. As a measure of whether steady-state gait and respiratory rhythms had been achieved, we compared the mean gait and respiratory frequencies during the 0 -100, 101-200, and 201-300 sec periods. After the 5 min of data collection, the subjects resumed normal walking and the speed of the treadmill was reduced over several minutes to provide a warm-down period.
Data Collection and Analysis. The crutch-switch and thermocouple signals were recorded on a polygraph (Grass 7DA, Grass Instruments Division, Astro-Med, Inc, Longueuil, Quebec, Canada) to monitor signal quality. The signals were also digitized at 200 Hz, stored in a spreadsheet format (Excel, Microsoft Canada Co, Mississauga, Ontario, Canada) and processed through a customized software program (Lab Windows, National Instruments Corp, Austin, TX) on a computer (80386, Compaq Canada Headquarters, Richmond Hill, Ontario, Canada) for later analysis. Low-pass digital filtering of the thermocouple signal at 500 Hz was used to further smooth the signal to facilitate the automatic detection of the thermocouple inflection points that defined the onset of inspiration and expiration. The crutch-switch signal was used to identify the beginning and end of gait cycles and, in a representative number of gait cycles, the duration of crutch-stance phase.
We normalized the crutch gait cycles to 100%, and the timing of the thermocouple signal maxima (corresponding to the end of expiration and the onset of inspiration) were determined as a percentage of the crutch gait cycle. No attempts were made to identify LRC ratios other than 1:1.
Coupling was defined as being present by the use of two criteria, both of which needed to be met. The first criterion was that the respiratory latency did not vary by Ͼ5% with respect to the onset of the crutch-gait cycle during at least 10 consecutive gait cycles. To determine this, we computed the variance (the standard deviation expressed as a percentage of the mean). The second, more qualitative, criterion for LRC consisted of reviewing raster plots, generated by plotting the thermocouple signal during successive crutch gait cycles that had been normalized to 100%, with each cycle plotted slightly above the preceding one (Fig. 2) . 18, 33 We used these plots to validate coupling and to screen for drift of the respiratory signal. The raster plots were also used to test the second hypothesis related to the timing of expiration in relationship to crutch stance or swing.
To validate the LRC criteria and timing, subject 16 intentionally performed LRC after he had completed the usual protocol. He deliberately synchronized inspiration to crutch stance, expiration to crutch stance, inspiration to crutch swing, and expiration to crutch swing. He also performed a trial of intentional noncoupling.
For descriptive purposes, we also calculated the mean duration of crutch-stance (n ϭ 10 gait cycles) during an identified coupling episode for each of the subjects who exhibited LRC. The mean swing-through stride lengths (meters per cycle) were calculated by dividing the treadmill speeds (meters per second) by the stride frequencies (cycles per second) for each subject over the 300-sec trial period. These were reported in both absolute terms and normalized as a percentage of subjects' heights.
RESULTS
Descriptive Analysis. The mean (SD) self-selected treadmill speed for testing was 1.36 (0.10) m/sec, and the derived stride length was 171 (15) cm or 98% (10%) of the subjects' heights. The mean duration of the crutch-stance phase of coupling subjects was 47.3% (3.7%) of the crutch gait cycle. The mean gait frequencies were relatively constant throughout the test period with an overall mean of 0.80 (0.07) cycles per second. The mean respiratory frequency increased from 0.61 (0.13) breaths per second over the initial 100 sec to 0.69 (0.13) breaths per sec for the remaining two 100-sec periods. The mean heart rate achieved was 151 (18) beats per minute or 77% (9%) of the age-predicted maxima. Coupling Episodes. Coupling was identified in 10 (56%) of the 18 subjects. Six of the 10 subjects displayed more than one coupling episode (a minimum of 5 sec between episodes was necessary to qualify as a separate episode)-four subjects had two episodes each, and two subjects had four episodes each ( Table 1 ). The duration of the 20 coupling episodes ranged from 11.3 to 148 sec. Nineteen episodes of 1:1 LRC were identified. Although there had been no intention of looking for LRC ratios other than 1:1, one additional episode of 2:1 LRC was identified in subject 3 (who also had an episode of 1:1 LRC later). In addition to his spontaneous coupling, subject 16 was successful in intentionally coupling his breathing to both crutch gait phases and in intentionally noncoupling.
For 17 (89%) of the 19 episodes identified as 1:1 LRC, the raster plots indicated that the expiratory phase corresponded to the first half of the crutch-gait cycle (i.e., crutch stance) and that the inspiratory phase corresponded to the latter half of the crutch-gait cycle (i.e., crutch swing) ( Fig. 2) . Subject 3 displayed one episode of coupling that was an exception to this general rule (in addition to an earlier period of 2:1 LRC). Subject 20 was the other exception, exhibiting one episode of inspiration during crutch stance phase during the first minute (although the later and longer coupling episode of subject 20 followed the general rule of expiration during crutch stance).
DISCUSSION
Our findings corroborated the first hypothesis that LRC occurs in many humans using axillary crutches in the swing-through ambulation pattern. LRC was observed in 56% of subjects, equivalent to the 53% of walking subjects reported by Bechbache and Duffin. 1 LRC episodes were transient, ranging in duration from 11.3 to 148 sec and constituting an average of 21% of the study periods of the subjects who exhibited LRC. The presence of LRC during crutch walking has not been previously reported. The timing of respiration relative to the gait cycle was found to be generally consistent among LRC episodes and across subjects. Expiration during LRC most often occurred during the crutch-stance phase of the gait cycle and inspiration coincided with the crutch-swing phase, corroborating the second hypothesis. This is consistent with the visceral piston theory for LRC. 2,16 -18 In subjects who exhibit LRC during axillary-crutch gait, the visceral piston could aid in expiration during the crutch-stance phase of the gait cycle as the mobile abdominal organs (propelled by means of inertia, the contraction of the abdominal musculature, and the forward flexion of the lumbar spine) place upward pressure on the diaphragm. Conversely, during the crutch-swing phase of the gait cycle, trunk extension could allow the viscera to place downward traction on the diaphragm, aiding in inspiration. It seems that the rhythmic action of the upper limbs, which has been documented to produce LRC in other humans activities, 19 -21 is not the dominant influence in the axillary-crutch gait.
Of the subjects (subjects 3, 4, 9, and 14) who coupled for the shortest periods of time (Table 1) , the coupling events occurred in the latter half of the test period when the gait and respiratory frequencies had stabilized. It is during such vigorous, steady-state exercise that physiologic mechanisms intended to conserve energy become most relevant. Of those subjects who did not couple, it is possible that there was insufficient testing time to initiate LRC. Unfortunately, because of the demanding nature of the testing conditions, longer The periods and the total duration values relate to the 300-sec recordings of treadmill walking. test periods would have been difficult for the subjects to tolerate. The subjects who did not exhibit LRC may also have been inhibited by the artificial testing circumstances (i.e., the treadmill, mouthpiece, and wires).
The training protocol (including 2.8 -3.8 km of crutch walking on the treadmill) seems to have been adequate. The novice subjects seemed to have little difficulty in acquiring, and reporting comfort with, the axillarycrutch skills necessary for participation in the study. The subjects had no difficulty in achieving moderate levels of exercise intensity (77% of the age-predicted maximum heart rate). Although two of the subjects dropped out of the training protocol because of shoulder discomfort, this was uncommon among the other subjects. None of the subjects fell or seriously injured themselves as a result of participation in this study. Minor abrasions on the medial aspect of the wrists were reported by several participants, but this was easily remedied by padding the forward crutch upright. Several participants also experienced minor chaffing of the axillae during testing and training.
The thermocouple functioned well and subjects reported little difficulty with it or the mouthpiece. Problems were phonation by the subjects, periods of nose breathing, and incidental contact with saliva. The pressure-sensitive wafer switch placed under the tip of one crutch was also effective. Subjects reported little difficulty with it, aside from the associated wire traveling up the crutch to the belt. Signal quality from the pressure switch was inconsistent at times because of subject technique and incidental damage caused by repeated contact with the treadmill side rail. The definitions of coupling employed were rational for testing the hypotheses but arbitrary because there is no consensus in the literature. Pilot testing and the experimental data suggested that the criteria we used were valid. The subject who intentionally coupled provided a source of empiric validation of the criteria used. Other integer ratios of coupling may have been present (e.g., 3:2), but they were not included in the analysis and represent a potential source of false-negative findings.
We assumed that the sample population studied was representative of the larger community of actual axillary-crutch users. The literature supports the assumption that a healthy subject holding one leg aloft is sufficiently similar to the disabled condition that extrapolations of results can be made. 26, 30 Likewise, it was assumed that most patients employing the swing-through gait ambulate on only one limb. However, long-term crutch users and those with assorted motor, sensory, and neurologic abnormalities may well have different experiences.
There are several potential areas for future study. For instance, the subject pool should be expanded to include long-term crutch users. Objective measures of metabolic efficiency and perceived levels of exertion should be compared while subjects intentionally couple and avoid coupling. If there is an increase in the efficiency of the system when coupling is employed, one would expect to see decreased oxygen consumption values and less perceived exertion when coupled. One might also achieve higher maximum oxygen consumption levels while coupled. With respect to rehabilitation, our findings could prove useful in the development of better, more mechanically sound training practices for axillary-crutch users. Alerting users to the energetic benefits of LRC (if any are eventually confirmed) and its timing may allow users to couple sooner and for longer periods. The synchronization of locomotor activity with respiratory pattern could even conceivably help patients with obstructive lung disease or respiratory muscle weakness 34 to enhance their expiratory efforts.
CONCLUSIONS
When many humans employ the swing-through gait using axillary crutches, transient periods of 1:1 coupling occur between the locomotion and respiratory cycles. Expiration during such coupling episodes is generally associated with the crutchstance phase of the gait cycle and inspiration with the crutch-swing phase. Although the functional significance of the coupling phenomenon in this setting remains unclear, this study may have implications for the training of axillary crutch users. 
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